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ABSTRACT

Analysis of intensified video photographs of a twilight venting of excess water from space shuttle showed that the
-1 mm diameter stream cavitationally fragments within about 1 m, formung two discrete-particle components and vapor.
The images from nearby cameras are dominated by irregular, polydisperse water/ice droplets with sizes comparable with the
venting orifice and outward velocity indistinguishabie from that of the initially cohereat liquid. In contrast the 24 km-long
quasiconical trail imaged from a distant ground station consists of accompanying submicron ice spherules that were produced
by partial recondensation of the overexpanded vacuum-evaporated water gas, which are sublimating at rates that we
calculated from the measured falloff of axial sunlight-scatter radiance and the energy balance of progressively roughening ice
at 329 km altitude; at low latitudes they cool to 180K in <1 s, and their radii transition to the Rayleigh-scattering range in
-1 min. The very much larger fragmentation particles come tu a slightly higher equilibrium temperature within -2 min, and
persist for a few earth orbits. These three components of the vented water (and other high vapor pressure liquids) radiate
and scatter earthshine and solar photons, and the orbital-velocity molecules are also excited by collisions with the residual
atmospheric gas, overlaying wide-angle contaminating foregrounds on remote optical sensing from onbcard. The particle
sizes, densities, and temperatures derived from the visible data are applied in estimating ultraviolet and infrared radiances of
the ice/vapor-containing volumes near Shuttle Orbiter.

1. INTRODUCTION

Scattering of visible sualight from the clouds of droplets formed by liquid water vented from space shuttle
Discovery' is a primary source of information about the foregrounds that result from releases of this and other high vapor
pressure liquids into the orbital environment. The phenomenology data in intensified video photographs from onboard the
spacecraft and the near-padir Air Force Maui Optical Site (AMOS) provide a basis for quantifying both this optical
contamipation at other wavelengths and estimating the physical contamination produced by the “flash®-evaporated/sublimed
water molecules. Vibrational and rotational emissions from this high-velocity vapor are excited by its collisions with the
ambient stmosphere as well as by its thermal and photo-excitation. We calculate here the resulting infrared brightess
distributions with the help of a recently developed gas-transport/excitation model”.

Liquid water rapidly exposed to vacuum bas long been known to be unstable against cavitationally bursting®-1% due to )

the violent growth of bubbles of vapor (“steam®) and dissolved gases within the thes-superheated volume. About one-sixth
of the injectsd mass evuporates!! in cooling the initially 300K stream and its fragmentastion droplets to an equilibrium

temperature at sunlit orbital altirudes that we have derived as described here. The Discovery images also allowed us to

bound the fraction of this evolved vapor from a routine operational venting that recondenses as it expands across the gas-
solid equilibrium line of the phase disgram of water substance, and to determine the dependence oo their distance from
Orbiter of the diameters of both these Rayleigh-Mie size droplets and the "geometric”-scattering, polydisperse stream-
rupture particles!4, These particles show no evidence of returning to the spacecraft.

Sections 2 and 3 summanze this recent shuttle experiment to provide a background for predictions of the UV-visible-
infrared foregrounds and the flow of gaseous water to spacecraft surfaces, which are presented o Sections 5 and 6.
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Largely pure and dissolved gas-free fuel cell product (“supply*!2) water was forced under pressure directly into
Discovery's wake on orbit 49 of shuttle mission STS-29 (16 Mar 89), at 19.4 g/s through an electrically-warmed, 0.14<m
opening truncated—<onical nozzle. The experiment was planned by the Air Force Geophysics (now Phillips) Laboratory to
take place when the flight altitudes were directly illuminated by the sun while the lower atmosphere above the ground station
lay in the hard earth's shadow. The spacecraft was moving east-northeast in a 329-km circular orbit as it passed almost
directly over AMOS (21°N - 204°E, 3.0 km altitude) about 1 hr before local dawn. Its zenith angle and range, the aspect
angle to the retrograde trail (which determines the optical path length through it), and the solar-scatter angle (between
vectors from the sun to Discovery and from Discovery to the groundbased tracking camera) are shown in Fig. 1.

This imaging telescope had an Intensified Silicon Intensifier Target (ISIT) photocathode with S-20R spectral sensitivity
(its nominal FWHM photon response, taking into account the small prefiltering by the typically clear atmosphere above the
mountaintop observatory, is 0.39-0.65 um), a 55-cm diameter objective lens providing a 0.5°-diagonal field of view, and
electronic gain under operator control. Onboard Discovery, SIT 200m cameras of space shuttle's closed-circuit video system
viewed from near the tail in its open payload bay and, handheld by a mission specialist, through a crew cabin window about
5 m above and forward of the water-venting onfice (refer to the insert in Fig. 5). These cameras have similar spectral
response, and automatic gain control. Figure 2 shows typical images of the cloud of sunlit particles from these close-lying
and remotely-located stations. ) :

The AMOS photographs represent a series of view projections and *scene lightings” of a time-stationary physical
phenomenon, as both the venting and geophysical conditions remain sensibly constant over the segmeat of trajectory within
the camera's field of regard. Since the optical signal from particles whose dimeansions are at least comparable with the light
wavelength improves at near-forward scattenng angles and from eloogated sight paths, we selected for detailed photometric-
photogrammetric analysis a video image when Discovery was in the northeast quadrant at 60° zenith angle
(Fig. 2a). Its high-albedo body is the strongly bloomed feature at the head of the smooth-surfaced, -2'4 km-long
quasiconical trail. Figure 3 plots the relative radiant intensities per unit distance from the orifice (corrected for aspect
angle), i.e., the brightnesses summed along Lines perpendicular to the trail's symmetry axis or—in the parlance of rocket
exbaust phenomenology--the “station radiance®. (This transverse summation removes the effert of the optically-thin particle
stream's divergence.) A linear dependence of output current-above-baseline on incident irradiance, which 1s characteristic of
electron multiplier-based image intensifiers operated well below saturation, has been assumed.

The backlit images from the two onboard cameras in contrast showed primarily densely packed discrete particles, which
both flickered as they moved coherently outward (indicating tumbling of irregular shapes) and produced variable image
irradiances from fixed runges (evidencing a spread of sizes). Both of these effects have been seen in laboratory tank
simulations!0, which indicated that an outer ice “shell® quickly formed on the fragmentation droplets cracks and occasionally
even breaks off under the increased pressure from their less-dense, still-unfrozen interior water. This beam of particles,
whose dimensions are of the order of the venting nozzle diameter®-6:3:10, diverges at sensibly the same angie as the trail seen
from AMOS (-2/5 radian; see Fig. 2) and projects back to an apex roughly 4 m out from the onfice.

We determined their longitudinal velocities by following several readily-identifiable~and therefore presumably
particularly large—water/ice droplets in successive video frames. The 23 m/s velocity with +35% systematic uncertainty
measured is experimentally indistinguishable from the velocity relative to the moving spacecrzft of the still-intact (and in fact
somewhat contracted*:6) liquid stream beyond the conical venting nozzle. The low mean transverse speed obvious from the
small angular divergence, along with the narrow spread of the individually-measured longitudinal speeds, shows that
breakup of the liquid imparts little momentum to the resulting discrete particles, and indeed the transiational energy per unit
mass delivered in this fragmentation is extremely small compared with their later changes 1n heat content.

The transverse-summed radiances in the AMOS frame analyzed are compared in Fig. 3 with predictions of a
straightforward model of the submicron droplets’ energy balance described in the next Section. The close fit, and also the
weak dependence on scatter angle as Discovery moves toward the rising sun, shows that this signal at the distant optical
station is due to these small ice spherules rather than to the much larger direct products of stream rupture. In the
photographs from Discovery these unresolved smaller particles appear as a "haze® underlying the bloomed images of the
fragmentation particles. Simular heat-balance calculations!-# showed that evaporation/sublimation from these very much
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larger drops would result in only a <-15% decrease in their mean cross-sections for scattering visible photons in the
~2-min period during which they traverse the length of trail detectable in the AMOS photographs. In contrast the measured
total decrease in radiant intensity per unit length (at distances from Discovery beyond where video blooming from its body

contaminates the data) can be seen in Fig. 3 to be as much as a factor of 50.

3. INTERPRETATION

As mentioned above, the smaller ice particles are formed by “inverse sublimation” of some fraction of the evolved water
vapor. (Rayleigh scattering of sunlight from this gaseous component of the flowfield is far below the radiance thresholds of
all the video cameras.) Since the circumference of these recondensation droplets is of the order of rwice the wavelength,
their cross-sections for scattering visible light per unit mass of water substance are near the maximum physically attainable.
Furthermore, their rate of scattering per unit solid angle changes more slowly with direction from the sun than that of the
larger ice/water particles (which produce a much stronger forward peak), in agreement with the observed quite small
vanation of aspect- and downstream distance-normalized station radiance in the sequence of AMOS video images of which
Fig. 2a is an example [for scattering at 48°]. The dependence of transverse-summed radiance on distance X from Orbiter is
the basis for a calculation of the radius and temperature history of these small droplets. Additionally, the relative irradiances
at the onboard image planes from this cloud of unresolved particles and from the distinguishable large particles lead to an
estimate of the fraction of the vented-evaporated water that recondenses.

The energy balance of spherical ice (or liquid water not undergoing a phase change) with radius r and uniform
temperature T is expressed as 4.8.13-15

(7/3)3pC dT/dt - dar°Ldr/dt = €Qer0Te* + EQur~0Ts* - gpdaroT?,

where the subscripts e, s, and p refer to the thermally radiating earth-and-atmosphere, the sun, and the particle. The terms
on the left side ar= rates of heat loss by cooling and sublimation (or evaporation), and those on the right represent heat gain
by absorption of earthshine and sunlight photons and loss by thermal emission. (Heating of the particles by aerodynamic
collisions can be readily shown to be negligible at Discovery’s altitude, and the effect of the additional energy input from
sunlight scattered off the atmosphere is very small.) €'s are emissivities/absorptivities of the droplet weighted over the
Planck emission spectra of the two assumed-blackbody sources of illumination, and of the gray body itself at T; {'s are the
solid angles subtended by the solar disk and curved earth-and-atmosphere (1.4 ster at 329 km); p, C, and L are the density,
specific heat, and heat of vaporization of ice (or water); and ¢ is the Stefan-Boltzmann constant. A second relationship
between the two unknowns follows from the sublimation (or evaporation) rate when the probability that departing gas
molecules recondense is small, as appears to have been experimentally validated for the coherent column?:

~dr/dt = 0.27 P(TY/T% = 0.27 T% (2.4 x 10'0 exp - 6110/T),

where the numerical value of the multiplier refers to r in cm and vapor pressure P of solid or liquid water in torr. We
converted X to time-after-droplet formation t by applying the measured (constant) longitudinal velocity of the distinguishable
large droplets, which is justified by the similar angular spreads in the images of the two components of the cloud and the
absence of mechanisms that would impart longitudinal momentum to the recombination droplets.

We initially solved these two simultaneous rate equations (numerically) with the assumption that the wavelength-
averaged emissivities are proportional to r, a standard result of Mie theory applied to submicron spheres. This dependence
("volume scattering”) led to r decreasing at much lower fractional rates than we derived from the AMOS radiances, a
discrepancy that is not removed by changing the earthshine temperature—~we adopted 280K, representing the average over the
nadir hemisphere at low latitudes--, or assigning a different velocity to the recondensation droplets, or assuming
polydisperse distributions of their initial radius ro. The increasing downward curvature of the log-radiances in Fig. 3 is in
the direction expected from progressive roughening of the surface of ice exposed to vacuum in the laboratory!?, which has
the effect of increasing the imaginary component of its index of refraction and therewith slowing the decrease of its
temperature and sublimation rate. An empirical fit to these AMOS data is achieved?* by increasing the €'s by a term
proportional to the square root of (1, - 1), a dependence that may arise from the "statistical™ nature of the irregular particle
erosion (a linear dependence on the decrease in radius gave worse fits to the data). The derived radius and temperarure of
these small ice particles when they are above threshold ie the AMOS images are in Fig. 4.



This dominance of the radiances projected to distant observers by these unresolved small rarticles and the magnitude
and density of the distinguishable irradiance patches from individual large particles in the imag~s from aearby lead to a
rough joint constraint on the mean radius of the fragmentation drops and the fraction of vented water that recondenses.
Table 1 summarizes the Discovery trail parameters estimated from this procedure?, ircluding an absolute visible brightness.
Approximately 2% of the water released, or one-eighth of that which evaporates in the process of freezing and further
cooling the remaining mass, forms into droplets whose initial rad:us 1o is 0.3 um. Laboratory-tank measurements with ~100
ps-pulsed parrow water streams indicated a roughly simular recondensation fraction with comparable radii of these ice
particles?, which furthermore were within experimental error monodisperse—as we-have been assuming.

The constraint showed the mean radius of the fragmentation-product droplets to be 0.13 + 0.02 ¢m, which considering
their previously observed!© irregular ("bowl" and *dish*®) shapes and broad overall-size distribution should be viewed as an
ill-defined average figure. Application of the above energy balaace equations led to the results that this radius decreases by
<5% over a 2'4 km initial flight path and that these discrete particles survive for several hr*. In the first -1 s diffusion of
heat from their interior controls the temperature at their immediate surface, an effect that we took into account both in Fig.
4 and in caiculating the rates of water vapor evolution shown in Fig. 5. These radial temperature (and also phase) gradients
and—-in particular—their shape/size irregularities introduce uncertainty into calculations of the thermal emission from the
large drops when they are <- 20 m from Orbiter, and their departure from sphericity remains a potential source of error in
the infrared radiances after thev become isothermal.

4. PHENOMENOLOGY, SCALING

The numencal values presented here refer to relatively pure -30°C water released near 330 km altitude at low latitudes
(or mudlatitudes 1n summer) with the velocity and onfice diameter stated. (The equilibnum particle temperatures have a
small dependence on the nadir angle-weighted earth-and-atmosphere radiation mode! adopted!®.) Since atmospheric drag is
negligible over the time scales considered, these results ‘vould be independent of the direction in which the stream is
released. Larger-diameter, higher-temperature, lower-velocity, more contaminated and gas-laden water coiumns burst nearer
the venting nozzle®:?, and impurities and lower initial temperatures lead to smaller fragmentationcone angles (buman waste
water dumped from shuttle has teen observed to form a narrower particle trail than supply water, b a camera heid outboard
oun the spacecraft's Remote Manipulator Arm). Alteration of the equation of state and surface tension of tke injected
suvstance by dissolved materiais can be expected to lead to quantitative differences in the number and initial size of the two
droplet componeats, and high concentrations of *dye” dopants could increase the absorptivities/emissivities and so change
the sublimation rates’ (aithough the large water-ice drops are already optically thick across virtually all of the infrared). We
note aiso that low vapor pressure liquids that contain little dissolved gas may not explosively rupture due to boiling, but

remain subject to breakup into droplets initiated by fluid stream instabilities®.

These comments are of necessity qualitative, and in view of the incomplete information about the response of
ponreactive liquids to the near-vacuum and radiation field of low earth orbit we have suggested further space and laboratory
experiments’. The liquid-solid-vapor phenomenology for a given initial temperature, diameter, and flow rate in general
depends nonlinearly on the macroscopic parameters vapor pressure, specific heats and heats of fusion and evaporation,
thermal cooductivity, expansion coefficient, surface tension, and viscosity, as well as on the molecular weight and elastic
collision cross-sections of the vaponized material. In consequence scaling of experiment data from one even chemically pure
and dissolved gas-free liquid to another 1s hikely to be highly unreliable. Even considering only water, further experience is
needed to extrapolate reliably the numerical quantities from this experiment to other venting conditions; the optical sensing-
contaminating radiances derived in Section 6 should be viewed in this context.

5. PHYSICAL CONTAMINATION OF ORBITER

The video images from onboard show no evidence of stream-fragmentation droplets drifting backward in the frame of
reference of Discovery to recontact its body: all move away with sensibly the same speed, that of the radially-relaxed liquid
column. (These cameras detected no slower-moving discrete particles, such as have been proposed as originating from
fracturing of frost formed on the spacecraft wall near ths venting nozzle.) Detailed orbital trajectory calculations!’ have
shown that 1-mm ice particles would pot collide with Shuttle Orbiter on its subsequent passes, at all angles relative to its
flight path that the liguid stream may be injected. Since the much shorter-lived recondensation droplets have the same
outward velocity, they also do not return to physically contaminate the spacecraft.




As mentioned, the intensified-video photographs do not detect the unrecondensed water, nor does scattering of sunlight
from the droplets provide information—-cher than an estimated stream-breakup distance—about the rates at which this gas is
evolved. (The *flash® vaporization that follows from the exponenual dependence of equilibrium vapor pressure on surface
temperature is a far more important source of contamination than the indirectly -observable much slower sublimation from
recondensation particles, as will become apparent shortly.) Since the vapor comes off with much greater thermal speeds in
the spacecraft's reference frame than the directed outward velocity of the stream (of order 600 m/s®, and to a good
approximation isotropic) some fraction of it recontacts exposed vehicle surfaces. Furthermore, these return fluxes are
increased and their angular distributions broadened by scattering of water gas from the atmosphere’:18.19,

An estimate of the vapor production rates from current theory® and laboratory vacuum tank measurements’ on -1 mm
diameter, 300K water streams appears in Fig. 5. The calculation considers only conductive rather than coavective internal
heat transport (except as the somewhat supercooled liquid explodes at X = ‘4 m, where the resulting droplets are taken as
becoming isothermal at its radially-averaged temperature) and also neglects heating by redeposition of vapor, which appears
to be justified by the experiment daa. Despite the approximations in the existing theory for cylindnical® or spherical liquid
geometry, and the uncertainty in the (assumed uniform) water temperature upon injection and breakup distance, the predicted
gas-evolution rate summed along X is satisfactorily close to the aforementioned thermodynamic vaiue of one-sixth. We are
currently developing a Navier-Stokes equations-based numerical model? of the coupling between the two phases that will
provide an improved spatial distribution of the vapor escape rates.

This vaponization/sublimation profile, with the further (good) approximation of isotropic free-molecular flow and
consideration of the finite diameter of the diverging gas source, allows straightforward calculation of the direct fluxes to
exposed surfaces of Orbiter and its instrumentation. For example onto its port-side wall | m from the onfice these fluxes
are of order 10'7 molecules/cm?s, or 10° monolayers in each second of routine water venting. With its payload bay doors
closed the spacecraft's body intercepts roughly half of all the vapor initially directed into its starboard hemispbere,
producing an extended gas penumbra; and (as the elevation diagram in Fig. 5 shows) the open port-side door shields
instrumentation inside the bay from direct exposure to the close-in stream region where most of the gas molecules originate.
The evolution rates also serve as input to theoretical calculations’+19:29 of the contamination by molecules backscattered from
the ambient atmosphere and ove another (and at least in principle, from ccatrol rocke: exhaust and outgas species), and—in
particular—of the resulting infrared radiance distributions. Direct simulation Monte Carlo calculations of the concentrations
of and impact-excited radiances from water molecules exhausted from space shuttle's cootrol engines (at -'%4 its orbital
speed) indicate that the molecule deasities in its bay are strongly dependent on the angle between outflow axis and trajectory
even at 600 km altitude’; another rarefied gas dynamics model!® shows substantial buildup of density off ram surfaces at the
spacecraft's lowest operating altitudes. A planned extension of Phillips Laboratory's *SOCRATES ™S Monte Carlo approach
to apply innermost computational-mesh spacings comparable with the dimensions of Orbiter will provide quantitative
information about the flow of reflected water molecules to its payloads.

6. UV _AND TR FOREGROUNDS

Table 2 is a brief qualitative overview of the optical radiations from the three components of the water trail at
wavelengths outside the visible range of these Discovery video data. The thermal emissions and scattering of earthshine and
solar pbotons from the particles are localized in the image regions shown in Fig. 2, while the collisionally-excited infrared
emissions from the vapor originate from all directions around the spacecraft (as is illustrated in Fig. 7).

6.1. Particle stream

Calculation of brightness distributions from the array of discrete liquid/solid particles in effect reduces to exercises in
applying standard electromagnetic wave-interaction and -generation theory to dielectric droplets with the radii, temperatures,
and spatial densities denived above. The primary sources of error in the computed foregrounds would be the departure from
spbericity of both types of particle and uncertainties in the optical constants of ice at their low temperatures!6:2}, Since the
diverging trail is optically thin at all wavclengths (as can be readily shown), its radiances in general vary with (X sin [aspsct
angle])!, the product of sight path length through and mean density within it. Scans transverse to the longitudinal direction
tn the AMOS video images* indicated that the approximation of constant particle concentration at each downstream distance
X within the 2/5-radian fragmentation quasicone should be applied in esumating infrared and ultraviolet brightnesses tn
sensor projections that intercept the trail away from its long axis.



In the ultraviolet, intensities of radiation from the fragmeantation particles (which are "geometric® scatterers) fall off with
decreasing wavelength due to the decrease in spectral irradiance of sunlight. In contrast radiation from the recondensation
particles would saow 3 complex dependence on wavelength and X-—that is to say, r—for size parameters
(27t)/(wavelength) > -2, where Rayleigh and “Mie® scattering give way to essentially geometric cross-sections. Indeed, at
some wavelength/X ratios and photon scattering angles the UV brightnesses of the trail can exceed its measured mean over
the visible range (see Table 1). A sunlit water venting has recently been photographed in the vacuum ultraviolet, from the
bay of space shuttlz on mission STS-3922; the images appear similar to Fig's. 2b and 2c, as would be expected for r, =
0.3 um gear the spacecraft. -

In the infrared, the -mm particles are optically thick while these <0.3 um ice particles are inefficient scatterers-
radiators except near 2.7 um!6. The large-droplet component thus dominates the radiances even in projections to distant
sensors, suppressing the severe spectral structure characteristic of the small droplets. That is, through virtually all of the IR
thermal emission from the fragmentation particles exceeds solar and earthshine photon scattering by the recondeansation
particles. the opposite of the situation in the visibie. Table 2 presents estimates of the radiances viewing normal to the trail
centerline at large and small X in long- and skort-wavelength infrared bands applicable in surveillance, made from the
Planck radiation from the fractional area covered oy the dilute array of blackbody spheres at the temperatures derived in
Fig. ¢ with a correction in the 3-5 um interval for scattering of sunhight (which despite the very low droplet reflectivities
would be comparable with their thermal emission at low T). In view of the uncertainties from the actual particle shapes,
sizes, and densities within sight paths, and the potential error from assuming isothermality at X < -20 m (where the large
dropiets may be optically thin at some wavelengths over outer radial shells with significant temperature gradients), we have
stated only the order of magnitude of these spectrally<ccotinuous infrared brightnesses “looking in" perpendicular to the
quasiconical particulate trail. Looking out from Orbiter into the relatively small solid angle that it occupies, the foregrounds
would obviously be greater—very much so in some projections—because of the smaller view aspect angles.

As the temperatures of the droplets become less than the effective radiating temperature of the earth-and-atmosphere, the
vented water volume—like most meteorological clouds—would exhibit "negauve [infrared]} contrast”® in padir-directed views,
This effect is small since the emissivities in columns normal to its long axis are only 10 - 103 between X = 1 km and
1 m. Nonetheless even at 2 km from the venting orifice the radiances at the IR *window" wavelengths considered in Table 2
exceed those from the atmosphere's limb at orbital tangent altitudes> by at least an order of magnitude. At -10 m intercept
distances of fields of onboard sensors, these foregrounds from the more concentrated particles cloud would interfere with
Shuttle Orbiter-based radiometry of the limb at tangent altitudes as low as 30-40 km.

6.2. Water vapor

The major fraction of the gas evolved expands near-isotropically into the atmosphere from a source whose dimensions
are comparable with those of Sbuttle Orbiter (the aforementioned back-side peaumbra being partly filled in by scattering). A
straightforward calculation shows that the column deasities of water molecules become high enough to perturb the ambient
airflow only within a few m of the venting orifice, which is much less than the size of the spatial cells typically used in
numerically computing®+!® volume rates of scattering and radiation near spacecraft. In consequence the body of thought on
excitation of outgassed wa